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The twin-arginine translocation (Tat) pathway is used by bacteria for the transmembrane transport
of folded proteins. Proteins are targeted to the Tat translocase by signal peptides that have common
tripartite structures consisting of polar n-regions, hydrophobic h-regions, and polar c-regions. In
this work, the signal peptide of [NiFe] hydrogenase-1 from Escherichia coli has been studied. The
hydrogenase-1 signal peptide contains an extended n-region that has a conserved primary structure.
Genetic and biochemical approaches reveal that the signal peptide n-region is essential for hydrog-
enase assembly and acts as a regulatory domain controlling transport activity of the signal peptide.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Molecular hydrogen (H2) is widely used as a respiratory
electron donor by microbes. Escherichia coli synthesises two
periplasmically-oriented but membrane-bound [NiFe] hydroge-
nases – Hyd-1 and Hyd-2 [1]. The Hyd-1 isoenzyme is of particular
interest since it is a well-characterised example of an O2-tolerant
hydrogenase that can protect itself, and recover enzymatic activity,
following oxygen attack [2]. The crystal structure of E. coli Hyd-1
has recently been solved and it has been shown to comprise an
a-subunit containing the [NiFe] active site and a b-subunit
containing three [Fe–S] clusters [3]. The ﬁnal step in Hyd-1 biosyn-
thesis is its translocation from the cytoplasm to the periplasm. This
process is catalysed by the twin-arginine translocation (Tat)
system [4]. The Hyd-1 b-subunit is synthesised as a precursor with
an N-terminal twin-arginine signal peptide. The structural charac-
teristics of a Tat signal peptide include a polar ‘n-region’, a central
hydrophobic ‘h-region’, and polar ‘c-region’ containing a signal
peptidase cleavage site [4]. The conserved S/TRRxFLK twin-argi-
nine amino acid motif is always between the n- and h-region [4].
[NiFe] hydrogenase signal peptides are notable in that have greatlyextended n-regions and exhibit remarkable sequence conservation
[5].
In this work, the role of the E. coli Hyd-1 signal peptide n-region
has been investigated. Genetic removal of the signal peptide n-re-
gion was found to have a negative impact on the biosynthesis of
Hyd-1. When studied in isolation, the full length Hyd-1 Tat signal
peptide was found to export a reporter protein only inefﬁciently in
comparison to a truncated signal peptide. Finally, site-directed
mutagenesis identiﬁed residues within the n-region that are
important in signal peptide activity. Taken altogether, it is con-
cluded that the signal peptide n-region operates as an important
regulatory domain that can modulate signal peptide activity during
biosynthesis of Hyd-1.
2. Materials and methods
2.1. Bacterial strains
Strain IC009 Y8Wwas constructed as follows: DNA surrounding
the hydA n-regionwas ampliﬁed by PCR and cloned into pBluescript
KS+. The Y8 codonwas substitutedwith one for tryptophan by Quik-
change™ before the fragment was moved onto pMAK705 [6] and
onto the chromosomeofE. coliK-12strain IC009 (asMC4100,DhybC,
DhycE) [7]. Strain IC009DNR was generated as follows: approxi-
mately 1000 bp of DNA surrounding the 50 end of hyaA (lacking the
sequence encoding the signal peptide n-region N2–V16) was
Fig. 1. Sequence conservation in O2-tolerant hydrogenase signal peptides.
Sequences are the Tat signal peptides of E. coli Hyd-1 (HyaAec), Salmonella Hyd-1
(HyaAst) and Hyd-5 (HydA st), R. eutrophaMBH (MbhAre), A. aeolicus (MdhAae) and
Hydrogenovibrio marinus (MbhAhm). The arrows indicate the positions of E. coli
HyaA residues Y8, A10 and V16 that are found to be important for signal peptide
activity in this study.
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gion allele was then transferred onto the chromosome of IC009.
2.2. Plasmids, site-directed mutagenesis and RT-PCR
Plasmid pUniCAT-HyaA and pUniCAT-HyaADN were con-
structed by PCR-amplifying DNA encoding the full-length HyaA
signal peptide, and a truncated version lacking N2–V16, and clon-
ing those products separately into pUNI-REP [8]. A library of 15
tryptophan codon substitution mutants were prepared by subject-
ing pUniCAT-HyaA to QuikChange site-directed mutagenesis. The
pQE80-HyaA overproduction plasmid was generated by ﬁrst clon-
ing hyaA, as well as part of hydB, into pUNI-PROM [9] and then
moving an EcoRI–HindIII fragment (including the tat promoter se-
quence) into pQE80L (Qiagen).
For RT-PCR, total RNA was extracted from IC009 to IC009DNR
anaerobic cultures in the stationary phase of growth using the
RNeasy minikit (Qiagen). The cDNA was synthesised from 500 ng
RNA using Superscript III reverse transcriptase (Invitrogen), ran-
dom hexamer primers and RNaseOUT™ Recombinant Ribonucle-
ase Inhibitor (Invitrogen) and then incubated at 50 C for 50 min.
RNase H was added to digest any residual RNA template and the
mixture incubated at 37 C for 20 min. Oligonucleotides designed
to amplify regions of hyaA, hyaB and hyaE were used for PCR anal-
ysis of the generated cDNA.
2.3. Protein analysis and immunoelectrophoresis
Chromosomally-encoded Hyd-1His was puriﬁed from E. coli
FTH004 (as MC4100, hyaAHis) as previously described [1]. Antisera
were raised in rabbits by Eurogentec. For subcellular fractionation
the method of Osborn &Munson was followed [10]. SDS–PAGE was
by Lämmli [11] and Western immunoblotting by Dunn [12]. For
rocket immunoelectrophoresis, membranes fractions were ﬁrst
solubilised in 50 mM Tris–HCl pH 7.6 containing 4% Triton X-100
(v/v). Samples were added to small wells of a 1% (w/v) agarose
gel containing electrophoresis buffer (20 mM sodium barbitone–
HCl, pH 8.6, 0.1% (v/v) Triton X-100) and, Hyd-1 speciﬁc antiserum
diluted 1 in 10 (5 ll/3 ml gel). Samples were electrophoresed at
2 mA per plate for 16 h. Plates were then removed, immersed in
50 mM Tris–HCl buffer containing benzyl viologen (BV) and Tetra-
zolium Red, and incubated under an atmosphere of 100% H2 for
16 h.
2.4. Pulse-chase transport assays
E. coli strain K38[pGP1-2] [13], which is tat+ and considered a
good host strain for radiolabelling experiments [14], was trans-
formed separately with pUniCAT-HyaA, pUniCAT-HyaADN and
their derivatives and whole cells pulse-labelled with 50 lCi of 35S
methionine for 2 min before being chased with unlabelled methio-
nine (0.75 mg/ml) essentially as described [14]. Samples (0.5 ml)
were withdrawn at 0, 0.5, 1, 2, 5, 15, 30 and 60 min intervals, sep-
arated by SDS–PAGE and analysed following autoradiography. Each
pulse-chase was performed in triplicate and band intensity quanti-
ﬁed using the QuantityOne software package (Bio-Rad).
2.5. Antibiotic sensitivity assays
The E. coli K-12 parent strain MG1655 (tat+) [15] was trans-
formed with the appropriate plasmid and grown in LB containing
ampicillin, and either 100 lg/ml or no added chloramphenicol, be-
fore growth was followed in a 96 well plate format in a Biotek 2
shaking incubator platereader, essentially as described [8,16].3. Results
3.1. The signal peptide n-region is critical for Hyd-1 assembly and
activity
Tat signal peptides of oxygen-tolerant [NiFe] hydrogenases
share sequence conservation (Fig. 1). In addition to the twin-argi-
nine motif, there are conserved aromatic, cysteine and polar resi-
dues within the n- and h-regions (Fig. 1). To investigate the role
of the E. coli Hyd-1 signal peptide n-region, an in-frame deletion al-
lele (removing hyaA codons 2–16) was generated and incorporated
onto the chromosome of strain IC009 (as MC4100, DhybC, DhycE),
which produces Hyd-1 as the only active hydrogenase, to give
strain IC009DNR (as MC4100, DhyaA2–16, DhybC, DhycE). The
new strain IC009DNR was grown anaerobically and membranes
prepared before the presence of active Hyd-1 was assessed using
rocket immunolelectrophoresis (Fig. 2) [17]. In this technique,
non-denatured samples are electrophoresed through an agarose
gel containing anti-Hyd-1 serum. The resultant arcs of precipitin
can then be stained for hydrogenase activity and their relative sizes
give an indication of the amount of Hyd-1 present in each sample.
In this experiment, active Hyd-1 was detected in the membranes of
IC009 (DhybC, DhycE), but no detectable Hyd-1 activity was ob-
served in the membranes of IC009DNR (DhyaA2–16,DhybC,DhycE)
(Fig. 2A).
Western immunoblotting identiﬁed the Hyd-1 a-subunit
(HyaB) in the membrane fraction of the parental strain IC009, as
well as in the cytoplasm (Fig. 2C). In contrast, the catalytic a-sub-
unit HyaB was only weakly detectable in the cytoplasm of
IC009DNR (DhyaA2–16, DhybC, DhycE) and was completely absent
from the membrane fraction (Fig. 2C), thus corroborating the rock-
et immunoelectrophoresis experiment (Fig. 2A). The Hyd-1 b-sub-
unit (HyaA) was clearly present in the membrane fraction of IC009
(Fig. 2D). However, the b-subunit HyaA was not detectable at all in
the n-region deletion strain (Fig. 2C). To address if the reduced lev-
els of Hyd-1 enzyme observed in the IC009DNR (DhyaA2–16,
DhybC, DhycE) strain were as a result of a problem with hya tran-
scription in this strain, RT-PCR was utilised (Fig. 2E). RNA was ex-
tracted from both IC009 and IC009DNR and RT-PCR performed
using primers designed to identify hyaA, hyaB and hyaE transcripts
(Fig. 2E). Although this RT-PCR technique is not quantitative and
cannot report on relative levels of hya transcription between
strains, it can be concluded from these experiments that entire
hya operon is transcribed in the IC009DNR (DhyaA2–16, DhybC,
DhycE) strain.
To complement the n-region deletion phenotype in trans DNA
encoding the entire hyaA gene, together with a constitutive tat pro-
moter, was cloned into the IPTG-inducible vector pQE-80L. Deter-
gent-dispersed membrane proteins were obtained from
Fig. 2. The signal peptide n-region is critical for Hyd-1 activity. Strains used in these
experiments were based on E. coli K-12 strain MC4100 (F, DlacU169, araD139,
rpsL150, relA1, ptsF, rbs, ﬂbB5301) [31], which is a commonly used genetic
background in studies of metalloenzyme expression and activity. (A) Rocket
immunoelectrophoresis stained for Hyd-1 activity. Strains IC009 (as MC4100,
DhybC, DhycE, thus producing Hyd-1 only), IC009DN (as IC009, but lacking HyaA n-
region), and IC009DN expressing hyaA from the inducible pQE80 vector, were
grown anaerobically before total membranes were prepared and dispersed in Triton
X-100. (B) Rocket immunoelectrophoresis of membranes fractions from strains
IC009, IC009DN, IC009 Y8W (producing Hyd-1 with a Y8W substitution in its signal
peptide) and FTD147 (as MC4100, DhyaB, DhybC, DhycE, and thus devoid of all
hydrogenase activity). (C) Western immunoblotting of strains separated into
cytoplasmic (C) and total membrane (M) fractions using an antibody raised against
Hyd-1 and further puriﬁed against the HyaB subunit. Non-speciﬁc bands are shown
by the asterisks. (D) Western immunoblotting using an antibody raised against
Hyd-1 and further puriﬁed against the HyaA subunit. Non-speciﬁc bands are shown
by the asterisks. A control lane containing puriﬁed Hyd-1 is included. (E) RT-PCR
detection of hyaA in strains IC009 and IC009DN, and hyaB expression in IC009. (F)
RT-PCR detection of hyaB transcripts in strain IC009DN, and hyaE expression in
IC009 and IC009DN. Lanes containing genomic DNA positive controls (G), and
positive (+) and negative () reverse transcriptase samples are speciﬁed.
L. Bowman et al. / FEBS Letters 587 (2013) 3365–3370 3367IC009DNR (DhyaA2–16, DhybC, DhycE) cells containing the pQE-
80L-hyaA vector and analysed by rocket immunoelectrophoresis
(Fig. 2A). Low, but detectable, levels of Hyd-1 could be observed
in the plasmid-containing strains when the gene was expressed
from the constitutive promoter or when induced by IPTG (Fig. 2A).3.2. The n-region regulates transport activity of the signal peptide
Hydrogenase biosynthesis requires the co-ordination of many
biosynthetic pathways. In order to simplify the experimental sys-
tem, it was decided to isolate the Hyd-1 signal peptide targeting
activity by utilisation of a non-native reporter protein, chloram-
phenicol acetyl transferase (CAT). Previous studies using fusions
between this reporter and twin-arginine signal peptides have
shown that CAT is exported solely by the Tat system [18,19]. The
mode of action of the CAT enzyme requires cytoplasmic acetyl
Co-A to acetylate, and thus deactivate, the antibiotic. As a result,
cells that export CAT fusions out of the cytoplasm via Tat are sen-
sitive to chloramphenicol, whereas retarded export results in anti-
biotic resistance and cell survival [19]. Plasmids were constructed
that encode fusions between the full length HyaA Tat signal pep-
tide and CAT (pUniCAT-HyaA) and a truncated version of the signal
peptide identical to that studied in the native enzyme (i.e., lacking
residues 2–16) (pUniCAT-HyaADN). To study transport activity of
the signal peptide fusions, pulse-chase experiments, in conjunction
with chloramphenicol-based growth tests, were employed.
To analyse the rate of signal peptide processing, which is related
to the rate of protein export [14], in vivo pulse-chase experiments
were performed. A tat+ E. coli strain K38[pGP1-2] was transformed
separately with pUniCAT-HyaA and pUniCAT-HyaADN. Cells were
‘pulsed’ with radiolabelled [35S]-methionine and then ‘chased’ with
unlabelled methionine, before sample withdrawn and analysed by
SDS–PAGE and radiography (Fig. 3). Surprisingly, even after a
30 min chase time, processing of the full length HyaA signal pep-
tide did not reach 50% of total labelled protein (Fig. 3A). Interest-
ingly, however, processing of the fusion carrying the truncated
HyaA signal peptide lacking the n-region was quantiﬁably faster
(Fig. 3B). Indeed, in the case of the truncated signal peptide, almost
50% of the labelled protein was found to be in the processed form
within 30 s of the chase event (Fig. 3B).
To corroborate these ﬁndings, MG1655 (tat+) cells expressing
either the full length HyaA signal peptide CAT fusion, or the trun-
cated signal peptide CAT fusion lacking the n-region, were grown
in the presence of chloramphenicol (Fig. 4). In media without
chloramphenicol, the two strains were able to grow equally well
(Fig. 4). However, in media supplemented with chloramphenicol
(100 lg/ml ﬁnal concentration), cells expressing the truncated fu-
sion protein lacking the signal peptide n-region did not grow at all
(Fig. 4).
Taken together, these data suggest that the truncated signal
peptide is more efﬁcient. Processing of the full length signal pep-
tide is measurably slower (Fig. 3), and the observed resistance to
exogenous chloramphenicol exhibited by strains expressing the
full length HyaA-CAT fusion demonstrates that protein export is
impeded when the n-region is present (Fig. 4).
3.3. Scanning mutagenesis of the signal peptide n-region
Next, the pUniCAT-HyaA vector encoding a CAT fusion to the
full length HyaA signal peptide was modiﬁed by site-directed
mutagenesis. Codons N2–V16 encoding the signal peptide n-region
were systematically replaced by tryptophan codons. Tryptophan
residues are rare in signal peptides [20], and replacement of the
mostly polar n-region amino acids with such a side chain was con-
sidered likely to interfere signal peptide function.
E. coli K38[pGP1-2] was transformed separately with each of the
substituted 15 fusion vectors and pulse-chase experiments were
performed. Substitution of HyaA amino acids N2, N3, F7, M11,
R12, Q14 and G15 with tryptophan did not impact the rate of
CAT processing (Supplementary Figs. S1 and S2). The R13W
substitution did result in an initial faster rate of processing, which
reached a plateau level similar to that of HyaA-CAT
Fig. 3. The signal peptide n-region modulates Tat transport activity. Pulse-chase
analysis of reporter protein processing. For these experiments E. coli K-12 strain K38
(HfrC, phoA4, pit-10, tonA22, ompF627, relA1, k+) [13] was used as the host strain
carrying the plasmid pGP1-2 (encoding T7 polymerase). K38 is a tat+ strain most
useful for in vivo pulse-chase analysis as it is especially sensitive to rifampicin and
therefore gives low background labelling in these experiments. K38 [pGP1-2] was
transformed with plasmids encoding CAT fusions to (A) full-length HyaA signal
peptide; (B) truncated HyaA lacking n-region; (C) HyaA Y8W; (D) HyaA A10W; and
(E) HyaA V16. Cells were labelled with 35[S] methionine and then chased with
unlabelled methionine. Samples were analysed using SDS–PAGE followed by
autoradiography. (F) Autoradiograph bands of three independent experiments
were quantiﬁed using QuantityOne software. The standard error of the mean is
shown for each time point. () full-length HyaA signal peptide; (j) truncated (DN)
HyaA lacking n-region; (X) HyaA Y8W; (d) HyaA A10W; and (N) HyaA V16W.
Fig. 4. Chloramphenicol sensitivity as an assay for efﬁcient CAT translocation. For
these experiments the E. coli K-12 strain MG1655 (F, k, ilvG, rfb-50, rph-1) [15]
was used. This was the reference strain that served as the basis for the E. coli K-12
genome sequencing project [15], and is the most appropriate tat+ strain for starting
new work in a clean genetic background. MG1655 was transformed with plasmids
encoding HyaA fusions to CAT. The strains were then analysed for their ability to
grow in the presence or absence of 100 lg/ml chloramphemicol. Growth curves in
the presence of chloramphenicol are shown of cell producing fusions to: (green)
full-length HyaA signal peptide; (grey) truncated HyaA lacking n-region; and
(yellow) HyaA Y8W variant. The overlapping growth curves are the same strains
growing in the absence of chloramphenicol (–Cml). Experiments were performed in
triplicate and error bars indicate standard error of the mean.
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signiﬁcantly slowed the rate of reporter protein processing (Sup-
plementary Fig. S3). However, substitution of the HyaA Y8, A10
or V16 residues with tryptophan almost completely abolished
processing of the reporter protein: following a 60 min chase time,
each of the Y8W, A10W and A16W variants failed to reach 20%
processing (Fig. 3).
The HyaA Y8 residue was chosen for further analysis. E. coli
MG1655 (tat+) cells producing the HyaA signal peptide-CAT fusion
carrying the Y8W substitution were subjected to the chloramphen-
icol growth test to determine efﬁciency of reporter export (Fig. 4).
In this experiment, E. coli cells producing the Y8W variant, while
still exhibiting a lag phase, escaped from antibiotic repression sev-
eral hours ahead of a strain expressing the full length signal pep-
tide fusion (Fig. 4). This corroborates the pulse-chase data andshows the HyaA Y8W signal peptide is essentially transport inac-
tive when fused to the CAT reporter (Figs. 3 and 4).
Finally, the role of the HyaA Y8 residue in biosynthesis of the
Hyd-1 enzyme was investigated. The codon for Y8 was substituted
by that encoding tryptophan at the native hya locus on the chro-
mosome of IC009. Both rocket immunoelectrophoresis (Fig. 2B)
and Western immunoblotting (Fig. 2C and D) demonstrated that
the Hyd-1 Y8W variant was active and fully assembled in the cell
membranes.
4. Discussion
In this work, it was demonstrated that E. coli Hyd-1 was com-
pletely inactive following the genetic removal of the signal peptide
n-region. Neither the a- nor b-subunit of Hyd-1 was synthesised in
a stable form when the signal peptide was truncated, despite tran-
scription of the hyaABCDEF operon being unaffected (Fig. 2). The
experiments performed here cannot easily differentiate between
enzyme that is absent because it is not translated efﬁciently, or en-
zyme that is translated but rapidly degraded. Certainly the signal
peptide fusion proteins appeared to be translated in a similar man-
ner (Fig. 3 and Supplementary information). Moreover, the data
presented here is consistent with studies of other hydrogenases,
for example, deletion of the signal peptide n-region of the b-sub-
unit (HoxK) from the Ralstonia eutrophamembrane-bound hydrog-
enase led to a loss in hydrogen oxidation activity and a reduction in
cellular levels of HoxK precursor [21]. The phenotypes are consis-
tent with a defect in enzyme maturation. Similar destabilisation
of Tat substrates has been observed upon deletion of genes
encoding signal peptide binding chaperones, such as NapD [8] or
DmsD [22]. Thus, the hydrogenase-null phenotype observed may
suggest that an important binding epitope for a biosynthetic chap-
erone has been removed. However, the available evidence for the
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strong. Bacterial two-hybrid assays identiﬁed E. coli HyaE as a
chaperone that binds to the b-subunit of E. coli Hyd-1, although
there was no evidence of direct binding to the signal peptide
[23]. Moreover, the phenotype of a DhyaE strain was not compara-
ble with the phenotype of the Dn-region strain described here,
with Hyd-1 being assembled and active in the cell membrane
[24]. Conversely, direct interaction between a HyaE-like chaperone
from R. eutropha (HoxO) and the HoxK signal peptide was demon-
strated in vitro [21], and a DhoxO mutation did destabilise the b-
subunit precursor [21]. However, direct binding of HoxO to the
signal peptide n-region alone was not tested [21], and there is
mounting evidence that other Tat signal peptide binding proteins
interact strongly with signal peptide h-regions only [16,25,26].
Using reporter fusion constructs and pulse-chase experiments,
the key observation made here was the rate of reporter processing
was signiﬁcantly faster when the signal peptide n-region was com-
pletely removed. Thus, protein export appears to be purposely
stalled by the n-region. The Hyd-1 signal peptide is predicted to
contain a region of stable helix in the n-region, and another across
the Tat motif and h-region (Fig. 5). It is therefore possible to sepa-
rate the Hyd-1 Tat signal into two small domains: an N-terminal
regulatory domain, and a C-terminal translocation domain
(Fig. 5). It is conceivable that these two helices are capable of pack-
ing anti-parallel against each other and masking the twin-arginine
motif.
Further pulse chase analysis identiﬁed residues in the signal
peptide n-region that were important for efﬁcient processing of a
reporter protein. Given that a signal peptide lacking its n-region
displayed efﬁcient and fast processing, it was a surprise that
site-speciﬁc insertions in the n-region led to still slower process-
ing. Indeed, the single n-region substitution that seemed to confer
fast processing, E5W, upon further investigation simply destabi-
lised the fusion protein and led to high levels of chloramphenicol
resistance (Supplementary Fig. S3).
In this study, Y8, A10 and V16 substitutions resulted in an al-
most complete block of reporter processing. Indeed, substituting
any of the amino acids from positions 4–10, with the exception
of F7, appeared to adversely affect the rate of processing, so this
may indeed be an important region of the signal peptide. The signal
sequence alignment of the signal peptides from oxygen-tolerant
hydrogenases highlights Y8 as a very highly conserved amino acid
(Fig. 1). An outlier in this group is Aquifex aeolicus, however this Tat
signal peptide is signiﬁcantly divergent in overall sequence from
those of other oxygen-tolerant enzymes (Fig. 1). What could be
the role of Y8? One possible mechanism of regulating signal pep-
tide activity is by post-translational modiﬁcation. Interestingly,
the conserved hydrogenase signal peptide tyrosine motif ([D/E]-
T-F-Y-[E/Q]-[A/V]-M) bears some resemblance to a eukaryotic
phosphorylation site, [D/E]-X-X-pY-[E/D]-X-[I/L/M/V] (where pY
is phospho-tyrosine), that is a recognition motif for the Fps/Fes
tyrosine kinase and possibly other proteins with SH2 binding do-
mains [27]. Although bacterial-type SH2-like domain proteins are
not common, and those that have been identiﬁed (e.g., YopJ) are
secreted effectors of pathogenic bacteria [28], the role of the
conserved tyrosine in Hyd-1 biosynthesis deserves further
investigation.Fig. 5. A two-domain model for the E. coli Hyd-1 Tat signal peptide. Secondary
structure was predicted using the PSIPRED protein sequence analysis workbench.
Regions of predicted a-helix are shown by the red chevrons.Substituting Y8 with tryptophan in the native Hyd-1 did not af-
fect enzyme targeting or Hyd-1 speciﬁc hydrogen oxidising activ-
ity. With the many other biosynthetic events occurring during
assembly of Hyd-1, it may be that the effect of the Y8W mutation
is too subtle to manifest itself, especially as the cells are given sev-
eral hours in rich media to grow. Indeed, it is noticeable that sub-
stitutions in other conserved signal peptide residues in the native
context, such as the conserved cysteines in the h-regions of
hydrogenases [21] and formate dehydrogenases [29], did not lead
to obvious defects in enzyme assembly. It may be that pulse-chase
analysis of reporter systems will continue to be important tool in
teasing out the complexities of signal peptide function.
Signal peptides from [NiFe] hydrogenases have already played
important roles in deﬁning the function of the bacterial Tat path-
way. The signal peptide from the Desulfovibrio vulgaris [NiFe]
hydrogenase, for example, was the ﬁrst to be mutated to show
the importance of the twin-arginine motif in protein transport
[30]. However, the signal peptides of [NiFe] hydrogenases have
functions beyond simply targeting of the enzyme. Data presented
here suggest the signal peptide n-region is a regulatory domain
that modulates the Tat transport function of the hydrogenase sig-
nal peptide.
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